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Abstract 
Experiments were conducted to investigate asymmetric vortex interactions over a wing-body model with a chined forebody 
and a moderate swept wing at high angle of attackand zero angle of sideslip in a wind tunnel. The results show that forebody 
vortices can postpone breakdown of wing vortices and this effect weakens increasing with angle of attack due to bursting of 
forebody vortices. Breakdown of the higher vortex is postponed and breakdown of the lower vortex is promoted, which result 
in an increased and a decreased inducing effect on wing flow respectively. Thus forebody vortical flow has a dominant effect 
on wing vortical flow. 
© 2013The Authors.Published by Elsevier Ltd. 
Selection and peer-review under responsibility of theNational Chiao Tung University. 
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Nomenclature 
b wing span (mm) 
bl wing span of local section (mm) 
Cp pressure coefficient 
D base width of the model (mm) 
d half of the model width (mm) 
H base height of the model (mm) 
L length of the model (mm) 
ReD Reynolds number based on width of the model, VD/Ȟ 
V freestream velocity (m/s) 
x absolute value of X coordinate in body fixed frame of reference (mm) 
x/D non-dimensional axial station 
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y value of Y coordinate in body fixed frame of reference (mm) 
Greek symbols 
Į angle of attack (°) 
Ȧ vorticity (1/s) 
1. Introduction 
Chined forebody has been increasingly applied in advanced aircraft design for better stealth, high-speed 
performance and aerodynamic characteristics. Vortical flow over chined forebodies has been studied extensively 
over several decades [1-5]. Owing to fixed separation lines at sharp side edges, the vortical flow over a chined 
forebody has stronger vortex intensity comparing with that of a slender forebody of revolution [1-2], but 
resembles flow structure of a slender delta wing with sharp leading edges [4]. The vortices of the chined forebody 
not only improve lift characteristics of the forebody, but also influence wing vortex flow through vortex 
interactions. Erickson and Brandon [6] conducted experiments to investigate coupled forebody and wing vortex 
systems over a chine-forebody slender-wing configuration and reveal behaviors of asymmetric vortex interactions 
under conditions of sideslip. Hall [7] studied impact of chined fuselage shape on vortical interaction between 
forebody and wing vortices in sideslip. However, these studies were conducted under conditions of sideslip. What 
about interactions of asymmetric forebody vortices and wing vortices at zero sideslip? 
On the other hand, advanced aircraft achieves high maneuverability through flight at high angles of attack. 
Thus it is valuable to understand vortical flow over chined forebody and wing at high angles of attack, which is 
also helpful to obtain a better understanding on lateral-directional stability for the development of aircraft 
design.The primary objective of this investigation is to study asymmetric vortex interactions between chined 
forebody and wing at high angles of attack and zero sideslip. 
2. Experimental setup and techniques 
The experimental model is illustrated in Fig. 1. The model is a wing-body configuration comprising a chined 
fuselage and a moderate swept wing. The chined fuselage is L = 680mm long with a base width D = 80mm and a 
base height H = 70mm. All transversal cross sections of the fuselage are similar in shape. The wing has a leading 
edge sweep of 48° and a 45° beveled edge on the bottom leading edge and trailing edge. Axial location of the 
wing is x/D = 4.5, which is defined by the distance from the model tip to the top of the wing. A single fuselage 
model can be tested when the wing is removed, and a wing model can be assembled as shown in Fig. 1. 
 
Fig. 1.Sketch of experimental model. 
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The model is equipped with 62 pressure taps arranged in two circumferential rows, as illustrated in Fig. 2. In 
order to express pressure distribution, a definition of coordinates of pressure taps is also given, in which y is Y-
axis coordinate in body frame of reference, d is half of the base width and bl is wing span of local section. 
 
Fig. 2.Distribution of pressure taps and definition of coordinates. 
Experiments were conducted in D4 low-speed open-return wind tunnel at BeiHang University. The test section 
is 1.5m wide by 1.5m high by 2.5m long and the freestream turbulence level is 0.08%. The tests were carried out 
at a wind velocity V = 35m/s, which corresponded to a Reynolds number ReD = 1.87×105 based on D. The model 
was sting mounted on a supporting mechanism which could provide Įvariation and tested at high angles of attack 
and zero angle of sideslip. 
 
Fig. 3.Layout of PIV experiment. 
In order to acquire spatial flowfield, FlowMap DPIV system from Dantec Corporation is used to measure 
sectional velocity and vorticity field. The layout of PIV experiment is shown in Fig. 3. Photograph plane parallels 
the YZ plan, so light sheet keeps perpendicular to the X-axis of the model. A CCD camera is mounted in front of 
the model to capture 2048×2048 pixel images. Laser system and camera are mounted to a frame, which is laid to 
be moveable along the X-axis of the model. This layout makes it convenient to change photograph plane at a fixed 
angle of attack. Spatial resolution is 3.1mm in this study. The pressure data acquisition system consists primarily 
of a DTC Initium and a ESP module with pressure transducer accuracy of 0.1%FS (FS = ±1psi), which are both 
from PSI Company. 
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3. Results and discussion 
To determine the interaction between asymmetric forebody vortices and wing vortices, three models were 
studied respectively, which were the wing-body model, the fuselage model and the wing model. Interactions of 
asymmetric vortices were studied first without artificial perturbation. In order to realize asymmetric vortex 
interactions further, artificial perturbation was utilized to strengthen asymmetry. 
3.1. Vortex interactions under conditions without artificial perturbation 
According to study on vortex flow conducted by Vardaki and Gursul [8], the flow is completely stalled at Į = 
25° over a 50° delta wing. As illustrated in Fig. 4, pressure distributions are basically identical on the leeward side 
of the wing model at Į = 30°, which implies that wing vortices have already burst. But significant suction peaks 
still exist over the wing on the wing-body model at Į = 30°, which indicates existence of wing vortices. Therefore, 
it is revealed that strong forebody vortices have a strong induction on wing flow and can postpone breakdown of 
wing vortices. 
 
Fig. 4.Leeward pressure distributions over the wing at Į = 30°. 
The presence of the wing also changes forebody vortices flow. Fig. 5 shows the vortical flow over the fuselage 
model and the wing-body model at Į = 40°. For the fuselage model, two concentrated vorticity areas can be 
observed on the leeward side until x/D = 7, which indicates the existence of forebody vortices. But for the wing-
body model, the wing cuts off free shear layers separated from the chine edges starting from the tip of the wing, 
which reduces vorticity supply for forebody vortices. On the other hand, the wing also makes adverse pressure 
gradient increase on the leeward side. Thus the distribution of vorticity becomes dispersive and two concentrated 
vorticity areas disappear at x/D = 5.5, which implies vortex breakdown of forebody vortices over the wing-body 
model. 
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(a) (b)  
Fig. 5.Vortical flow over(a) fuselage model and (b) wing-body model at Į = 40°. 
Fig. 6 gives the maximum vorticity of leeward vortex. It is can be observed that vorticity decreases 
dramatically from x/D = 5 to x/D = 5.5 for both the left vortex (LV) and the right vortex (RV) over the wing-body 
model, which is different from that over the fuselage model. This also gives evidence of vortex breakdown [9]. 
Therefore, the presence of the wing makes forebody vortices weaken and burst prematurely. 
 
Fig. 6.Maximum vorticity of forebody vorticesalong the model atĮ = 40°. 
With the increase of Į, breakdown positions of forebody vortices move forward gradually along the model. 
Meanwhile, this evolution of forebody vortex breakdown leads to a gradually weakening wing flow, which can be 
proved from the decreasing suctions over the wing in Fig. 7. 
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Fig. 7.Leeward pressure distributions at x/D = 6 over wing-body model at different Į. 
3.2. Vortex interactions under conditions with artificial perturbation 
Under conditions without artificial perturbation, asymmetry of forebody vortices is not obvious and 
asymmetric vortex interactions are not presented clearly. Therefore, an artificial perturbation was utilized to 
strengthen asymmetry. The artificial perturbation is a cylinder with diameter 1.0 mm and length 2.0 mm, which is 
fixed on the leeward side of chine edge near the nose tip, as illustrated in Fig. 8. Flowfield is given at Į = 40°. 
 
Fig. 8.Sketch of artificial perturbation 
Under the influence of perturbation, vortex core trajectories of forebody vortices change markedly and 
significant asymmetric vortices appear. Take the state with right perturbation (RP) as an example, the right vortex 
is in the higher position while the left one is in the lower position when the flow is observed in rear view. 
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(a) (b)  
Fig. 9.Vortex core trajectories of forebody vorticesover fuselage model at Į = 40°: (a) longitudinal position, and (b) lateral position. 
(a) (b)  
Fig. 10.Vortex core trajectories of forebody vorticesover wing-body model at Į = 40°: (a) longitudinal position, and (b) lateral position. 
Fig. 9 illustrated vortex core trajectories of leeward vortices over the fuselage model. Vortex core trajectories 
are plotted until axial station where vortex burst appears. Under conditions with RP, the right vortex moves 
upward and outboard but the left vortex moves downward and inboard comparing with conditions without 
artificial perturbation. The same changes of forebody vortex core trajectories occur in the flowfield over the wing-
body model affected by right perturbation as illustrated in Fig. 10. 
Asymmetric vortex core trajectories also lead to asymmetric vortex breakdown. As illustrated in Fig. 11, the 
higher vortex bursts at an axial station in front of the breakdown position of the lower vortex for the fuselage 
model. However, the situation is exactly opposite for the wing-body model. 
(a) (b)  
Fig. 11. Vortical flow over(a) fuselage model and (b) wing-body model with RP at Į = 40°. 
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The contrast of vortex breakdown between conditions without perturbation and with perturbation is illustrated 
in Fig. 12. Breakdown position of the higher vortex (RV) moves forward along axial direction for the fuselage 
model. However, breakdown position of the higher vortex (RV) moves backward and the one of the lower vortex 
(LV) moves forward for the wing-body model. 
(a) (b)  
Fig. 12. Maximum vorticity of forebody vorticesalong (a) fuselage model and (b) wing-body model at Į = 40°. 
The difference of vortex breakdown over the wing-body model and the fuselage model should be related with 
the presence of the wing. For the wing-body model, vorticity supply for forebody vortices is cut off by the wing, 
and the lower vortex encounters greater adverse pressure gradient because of approach the model surface, which 
promotes vortex breakdown. However, for the fuselage model, the lower vortex can acquire more vorticity supply 
from chine edge than the higher vortex. 
(a) (b)  
Fig. 13. Vorticity distributions at x/D = 5.5 over wing-body model at Į = 40°: (a) without perturbation, and (b) with perturbation 
Asymmetric forebody vortical flow leads to asymmetric wing vortical flow. Fig. 13 gives vorticity distributions 
over the wing-body model at x/D = 5.5. Under conditions without artificial perturbation, the distributions of 
vorticity over the fuselage and the wing have been both dispersive. However, under conditions with RP, the right 
forebody vortex is obvious, which is reflected by the concentrated vorticity area in the higher position, and the left 
forebody vortex has already burst. Corresponding wing flow also can be easily observed. Beneath the right 
forebody vortex is a less concentrated vorticity area over the right side of the wing but only widely dispersive and 
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tiny vorticity exists over the left side of the wing. This difference indicates that postponed breakdown of the 
higher vortex and promoted breakdown of the lower vortex result in an increased and a decreased inducing effect 
on wing flow respectively, which also can be proved by enhanced and weakened suction peak over the wing as 
shown in Fig. 14. 
 
Fig. 14. Leeward pressure distributions at x/D = 6 over wing-body model at Į = 40°. 
This chapter discusses asymmetric vortex interactions under conditions with RP, and corresponding 
conclusions can be likewise obtained under conditions with LP. Fig. 15 gives contrast of pressure distributions at 
x/D = 3 and 6 between conditions with RP and LP. Different perturbations lead to different asymmetric forebody 
vortices, and different asymmetric forebody vortices induce different wing vortical flow. Thus it can be concluded 
that forebody vortical flow has a dominant effect on wing vortical flow. 
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Fig. 15. Leeward pressure distributions over wing-body model at Į = 40°: (a)x/D = 3, and (b) x/D = 6. 
4. Conclusions 
An experimental investigation has been conducted to explore asymmetric vortex interactions over a 
configuration model with a chined fuselage and a moderate swept wing. The following conclusions have been 
drawn: 
x The presence of the wing blocks vorticity supply of forebody vortices and increases adverse pressure gradient 
on the leeward side, which promotes breakdown of forebody vortices. Strong forebody vortices can strengthen 
induction on wing flow and postpone breakdown of wing vortices. Gradually bursting of forebody vortices 
leads to a decreasing inducing effect on wing flow with the increase of Į. 
x Under conditions with artificial perturbation, the forebody vortex on perturbation side moves upward and 
outboard but the other one moves downward and inboard over both the fuselage model and the wing-body 
model. But situation of vortex breakdown is completely different. The higher vortex bursts first along axial 
direction over the fuselage model but the lower vortex bursts first over the wing-body model. 
x For the wing-body model, breakdown position of the higher vortex moves backward and the one of the lower 
vortex moves forward. It is considered that the lower vortex encounters greater adverse pressure gradient 
because of approach the model surface, which promotes vortex breakdown. Postponed breakdown of the higher 
vortex and promoted breakdown of the lower vortex result in an increased and a decreased inducing effect on 
wing flow respectively. Thus it can be concluded that forebody vortical flow has a dominant effect on wing 
vortical flow. 
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